Increasing insight into the biosynthesis of aromatic substances has been obtained during the past few years primarily through the study of mutant strains of microorganisms,1 and by the use of isotopic carbon.2 Shikimic acid, reported to be involved in the biosynthesis of the aromatic amino acids and of p-aminobenzoic acid by Neurospora3 and Escherichia coli, has been shown to be derived in E. coli from dehydroquinic acid by way of dehydroshikimic acid.5 This paper reports further genetic and biochemical studies of a mutant of Neurospora crassa which requires for growth phenylalanine, tyrosine, tryptophan, and p-aminobenzoic acid (PAB).
The mutant strain Y7655a (arom) was isolated following treatment of Neurospora macroconidia with methyl-bis(f3-chloroethyl)amine6 and its multiple aromatic requirements identified by S. E. Reaume. Detailed genetic analysis based on examination of 145 asci from five crosses7 has shown the arom locus to be in the right arm of linkage group II, distal to pe and proximal to ac, with an uncorrected centromere distance of 21.7. The multiple requirement was retained in all cultures isolated from these various crosses. There is some evidence, however, that the PAB requirement may be altered by modifying genes. The qualitative and quantitative growth responses reported here were obtained with the arom strain (Y7655a), and a double mutant arom, tryp-1 (Y7655, 10575), was used for the isotope experiment. The quantitative requirements of arom for PAB, tryptophan, phenylalanine, and tyrosine are of the same order of magnitude as those of other mutant strains deficient only in the single syntheses. A large number of compounds have been examined auxanographically for their ability to substitute for the aromatic substances, either singly or collectively. The results, given in Table 1 , show the specificity of the requirements of this mutant strain. Only one compound, shikimic acid, is by itself able to support growth in minimal medium, although rather large amounts are necessary for optimal growth (5 mg/20 ml). These results suggest that the arom locus is concerned with the production of shikimic acid, which serves as the common precursor of PAB, tryptophan, phenylalanine, and tyrosine. This concept is supported by the finding that, in the presence of any three of these substances, shikimic acid supports growth in quantities proportional to the amount of the omitted compound normally required. Also in accord with this interpretation are the activities of anthranilic acid and indole in replacing tryptophan. Kynurenine probably owes its activity to its conversion to anthranilic acid.8 Shikimic acid is least effective in replacing phenylalanine for the arom mutant of Neurospora, as has also been reported for E. coli.9 The comparative inefficiency of the conversion of shikimic acid to phenylalanine in Neurospora appears to be due in part to an inhibitory effect of tryptophan. Added tryptophan (but not indole) inhibits growth on shikimic acid, unless phenylalanine is present; apparently, exogeneous tryptophan inhibits the con'ersioln of shikimic acid to phenylalanine.
Among the inactive compounds listed in Table 1 , dehydroquinic acid (DHQ) and dehydroshikimic acid (DHS) have been shown to be precursors of shikimic acid 271 in E. coli. Their inactivity indicates either that this is not true for Neurospora or that the arom mutant is blocked in the conversion of DHS to shikimic acid. The following experiments were designed to test these hypotheses.
In order to examine culture filtrates of the arom strain for the accumulation of compounds involved in aromatic synthesis, use was made of bacterial mutants deficient in the synthesis of shikimic acid. Strains of E. coli, 83-1, blocked between DHQ and DHS,9 and 156-53D2, a double mutant blocked both before and after DHS,10 as well as a strain of Aerobacter aerogenes, A170-143S1, blocked before DHQ,9 were used for this purpose. In the absence of shikimic acid, these strains differ from the arom mutant in requiring p-hydroxybenzoic acid (POB), in addition to tryptophan, tyrosine, phenylalanine, and PAB. Since the requirements for PAB and POB are small compared to those for the aromatic amino acids, the detection of compounds involved in aromatic synthesis was greatly enhanced by plating washed suspensions of bacteria in the presence of tyrosine, tryptophan, and phenylalanine.
Bioautography of butanol-acetic acid-developed paper chromatograms of culture filtrates of the arom strain grown on shikimic acid or on the four aromatic substances revealed the presence of a compound which could satisfy the PAB and POB requirements of strains A170-143S1 and 83-1 but not those of strain 156-53D2. The Rf of this compound was drastically altered by the presence of tartrate in the culture filtrate applied to the paper. In the absence of tartrate the compound had an Rf identical with that of DHS, slightly greater than that of shikimic acid, and much greater than that of DHQ. In the presence of tartrate the Rf of the accumulated compound was depressed, while that of shikimic acid was unchanged. The Rf of DHS was equivalently depressed when applied to the paper in the presence of tartarate-containing culture filtrates. Acidification with HCl of the culture filtrates containing tartrate restored the Rf values of the unknown and of DHS to the Rf obtained in the absence of tartrate. Strain 156-53D2 will respond only to those compounds subsequent to DHS in the pathway of PAB and POB biosynthesis, while DHS can replace the PAB and POB requirements of strains 83-1 and A170-143S1 and DHQ can do so only for strain A170-143S1. Since both A170-143S1 and 83-1 responded to the accumulated compound, its position in the pathway of aromatic synthesis must be between DHQ and shikimic acid. Comparison of the biological specificity and chromatographic mobility of the accumulated compound with those of DHS indicates that the two compounds are identical.
The rate of accumulation of DHS, as determined biologically, is quite slow; 1-3 ,ugm. per milliliter of culture filtrate is accumulated within 120 hours of growth, and thereafter the concentration decreases slowly. It was noted, however, that culture filtrates showed a UV absorption below 260 ,m. much greater than would be expected on the basis of the DHS accumulated. Furthermore, the addition of From growth responses it appears that the arom mutation blocks the conversion of DHS to shikimic acid. This view is supported by the demonstrated accumulation of DHS. The small amount of DHS produced by arom cultures as compared with that produced by the analogous mutant of E. coli5 may result from the conversion of DHS to PCA. Since this conversion does not take place in E. coli, for which DHS is inhibitory,10 the conversion by Neurospora may serve as a detoxification mechanism. The most reasonable source of PCA appears to be either DHS or a closely related compound. The conversion of DHS to PCA is known to take place upon heating.
The conclusions based on growth responses of the arom strain and on the accumu-lation of DHS and PCA were further examined by carrying out an experiment using C14-labeled sucrose. For this experiment the double mutant arom-tryp-1 (Y7655-10575) was grown on shikimic acid and indole. The tryp-1 strain is unable to con-1-vert anthranilic acid to indole. The double mutant arom-tryp-1 requires for growth shikimic acid (replaceable by PAB, phenylalanine, and tyrosine) and tryptophan (replaceable only by indole). The arom-tryp-1 strain accumulates anthranilic acid only in the presence of shikimic acid. After 4 days of incubation at 300 C., the mycelium and the culture medium were separated by filtration. Anthranilic acid and PCA were isolated from the culture filtrate as follows: The filtrate was acidified to pH 3 and extracted with ether. The ether extract was chromatogramed on paper using butanol-acetic acid. The anthranilic acid and PCA were eluted from appropriate strips cut from the chromatogram. Anthranilic acid was determined fluorimetrically in the eulate, diluted with 100 mg. of anthranilic acid, and the diluted sample was purified by recrystallization and sublimation in vacuo to constant activity. The PCA was determined in the eluate calorimetrically by the FeCl3 test. It was then diluted with 100 mg. of authentic PCA, and the product was purified by recrystallization in ethanol-benzene to constant activity. Both materials were decarboxylated by heating in sealed tubes-anthranilic acid for 1 hour at 205°C. and PCA for 1 hour at 2500 C. The CO2 formed from each carboxyl group was released in an evacuated system and trapped as BaCO3. Essentially quantitative yields were obtained in both instances.
Tyrosine and alanine (as a representative aliphatic amino acid) were obtained from the mycelium by hydrolyzing the washed and dried material (32 mg.) in 6 N HC1 at 1200 C. for 1/2 hour. After removal of the excess HC1 over KOH, solutions were adjusted to pH 6 with NaOH and chromatogramed on paper with butanol-propionic acid. The tyrosine and alanine areas were cut out and eluted with water. Both samples were rechromatogramed in a two-dimensional system with phenol followed by butanol-propionic acid. The alanine was eluted with water, the concentration was determined by the modified ninhydrin method of Troll and Cannan," and 100 mg. of unlabeled DL-alanine was added. The product was then recrystallized from 90 per cent ethanol to constant activity. The application of the quantitative ninhydrin method to the tyrosine eluate proved unsatisfactory, possibly because of some destruction of tyrosine with phenol or the presence of interfering substances. The dilution factor for tyrosine could not be determined, and the figures given in the table are uncorrected. The eluted tyrosine was diluted with 100 mg. of L-tyrosine, and after treatment with Norite the product was recrystallized from water to constant activity. Alanine and tyrosine were decarboxylated with ninhydrin'2 and the carboxyl carbon recovered as BaCO3.
The results of the isotope analyses given in Table 2 show that protocatechuic acid and alanine are uniformly labeled within acceptable range of the specific activity of the sucrose provided. In contrast, anthranilic acid is relatively unlabeled and is therefore derived primarily from shikimic acid. This view is supported by the observation that the arom-tryp-1 mutant does not accumulate anthranilic acid when grown in the presence of phenylalanine, tyrosine, and PAB instead of shikimic acid. The addition of shikimic acid to cultures grown under these conditions results in the accumulation of large amounts of anthranilic acid within 4-5 hours.
Since the isolated anthranilic acid is uniformly labeled and has approximately one-seventh the specific activity of the PCA, it appears that (1) shikimic acid is converted to anthranilic acid and (2), under the conditions used for growth, the arom block is not complete. The activity of PCA is consistent with its proposed production from DHS, w-hich the arom strain cannot convert to shikimic acid. The relative activities of the isolated tyrosine and of the tyrosine carboxyl carbon are consistent with the hypothesis that the ring carbons are derived from shikimic acid and the side-chain carbons from other sources. Although in these experiments the specific activity of the undiluted tyrosine is unknown, on the assumption that the side-chain carbons are equally labeled, the relative activities of the sidechain and ring carbons can be calculated as shown in Table 2 . This assumption and the proposed derivation of tyrosine are consistent with the finding that the calculated ratio of activities of the carbon atoms of the side chain and ring of tyrosine (6.4 ) is essentially the same as the ratio between the activities of PCA and of anthranilic acid (7.1). Summnary. The aromatic-less (arom) mutant strain of N. crassa has been found to grow only on a mixture of four aromatic substances, para-aminobenzoic acid, tryptophan, phenylalanine, and tyrosime, or o11 shikimic acid but not on dehydroquinic or dehydroshikimic acids. The arom locus is located on the right arm of linkage group II, 21.7 map units from the centromere.
The arom strain has been found to accumulate small amollIlts of dehydroshikimic acid and relatively large amounts of protocatechuic acid.
It is coIleluded that the synthesis of aromatic rings in Neutrospora follows a pathway similar to that in E. coli, in that dehydioshikimic acid is the normal precursor of shikimic acid, with the aroin mutant blocked in this conversion. In Neurospora, however, the dehydroshikimic acid accumulated as a consequence of the block is apparently converted to protocatechuic acid. T. W. Richards and W. T. Richards' in 1924 pointed out that the iron electrode potential is appreciably affected by change of hydrogen-ion concentration, even though the ferrous-ion concentration remains constant. This observation was confirmed subsequently by many others, a general summary of the data up to 1938 being provided by Gatty and Spooner.2 By and large, the iron potential is more active than the hydrogen electrode potential but is truly linear with pH, the slope of which, in acid mediums of pH less than about 5-6, approaches or is less than the theoretical 0.059 volt per pH unit. In less acid or in alkaline mediums, the slope is definitely below the theoretical, averaging perhaps 0.014 volt per pH unit. The data of various investigators, although reasonably concordant in this respect, are usually not in agreement on actual values of potentials, even though measurements
